Abstract Increased tryptophan metabolism via the kynurenine pathway is a major mechanism of tumor immuno-resistance. a-[
Introduction

a-[
11 C]Methyl-L-tryptophan (AMT) is an amino acid PET tracer that, unlike most other amino acid tracers, is not incorporated into proteins but can be used to image tryptophan metabolism to serotonin and, under certain conditions, metabolism via the immunomodulatory kynurenine pathway [1] [2] [3] . Activation of indoleamine 2,3-dioxygenase (IDO), the initial and rate-limiting enzyme of the kynurenine pathway, is considered to be a major mechanism involved in the escape of tumors from the host immune response [4] . In our previous studies of heterogeneous groups of brain tumors, increased AMT uptake was found in both low-and high-grade tumors, and tryptophan metabolic rates measured on PET were lower in tumor samples with no or minimal IDO expression as compared to those with widespread IDO staining [5] . These findings suggested that AMT metabolic rates, measured by PET, may identify brain tumors with widespread IDO expression, which was often seen in low-grade neoplasms.
In the present study, we used dynamic AMT PET scanning with blood input data to quantify kinetic parameters for AMT in low-grade brain tumors, including gliomas and glioneuronal tumors (dysembryoplastic neuroepithelial tumors; DNETs). Low-grade brain tumors often do not show gadolinium enhancement on MRI and most of them have low glucose uptake on 2-deoxy-2-[ 18 F]fluoro-D-glucose (FDG) PET [6] . Therefore, detection of such tumors is suboptimal, especially after initial treatment, in case of a potential residual/recurrent tumor. In addition, reliable differentiation among various histological types of low-grade gliomas and glioneuronal tumors is not possible using current conventional imaging modalities [7] . We hypothesized that most low-grade brain tumors show increased AMT concentration compared to normal brain tissue, and that AMT metabolic rates measured in brain tumors may differentiate among certain tumor types.
Methods
Subjects
Twenty-three patients (mean age: 21 years; 3-57 years; 14 males; Table 1 ) with a recently diagnosed brain tumor underwent dynamic AMT PET scanning before tumor resection. Tumors included 16 WHO grade II gliomas (5 astrocytomas, 3 oligoastrocytomas, 8 oligodendrogliomas) and 7 WHO grade I DNETs, based on post-surgical histological examination performed as described previously [8] . Ten tumors (43%) showed gadolinium enhancement on MRI. FDG PET acquired clinically in 20 patients showed decreased tumor glucose metabolism in 18 and increased metabolism in two, on visual assessment. Imaging (MRI and FDG PET) as well as histologic data of one of these two tumors, a WHO grade II oligodendroglioma showing increased glucose metabolism, have been reported in a previous study, where potential mechanisms of increased glucose uptake in low-grade tumors were discussed [9] . The other patient, a 53 year-old woman, had a nonenhancing oligoastrocytoma, which showed a small increase of glucose metabolism.
AMT PET scanning protocol PET studies were performed using the CTI/Siemens EXACT/HR whole-body positron tomograph (Knoxville, TN, USA) located at the Children's Hospital of Michigan, Detroit. This scanner has a 15 cm field of view and generates 47 image planes with a slice thickness of 3.125 mm. The reconstructed image in-plane resolution obtained is 7.5 ± 0.4 mm at full-width half-maximum and 7.0 ± 0.5 mm in the axial direction for the AMT PET. The procedure for AMT PET scanning has been described previously [5, 8, 10] . In brief, after 6 h of fasting, a venous line was established for injection of AMT (0.1 mCi/kg). A second venous line was used for collection of timed blood samples (0.5 ml/sample, collected at 0, 20, 30, 40, 50, and 60 min after AMT injection). After injection of AMT, a 20-min dynamic PET scan of the heart was performed (sequence: 12 9 10, 3 9 60, and 3 9 300 s) in 2D mode to obtain the left ventricular (LV) input function. Continuation of the blood input function beyond this initial 20 min was achieved using venous blood samples as described previously [11, 12] . At 25 min after tracer injection, a dynamic emission scan of the brain (7 9 5 min) was acquired in high-sensitivity 3D mode. Measured attenuation correction, obtained from 15-min transmission scans, was applied to the AMT PET images. For visualization of brain and tumor AMT concentrations, summed activity images using frames 30-60 min post-injection were created.
Quantitative PET image analysis
To quantify unidirectional AMT transport and metabolism in tumors, a Patlak graphical analysis [13, 14] was performed using the arterial LV (left ventricle of the heart) input function and the dynamic brain sequence (7 9 5 min frames starting 25 min after injection), as described previously [5, 8] . The Patlak graphical approach provides two kinetic parameters calculated from the Patlak plot: (1) The slope parameter that corresponds to the previously described K-complex [2, 10] reflecting the unidirectional uptake of tracer into tissue; (2) The y-intercept of the plot provides the volume of distribution (VD), which characterizes the transport rate of AMT into the tumor tissue. In addition, the quotient between slope and intercept (K/VD) yielded parameter k 0 3 , an estimate of the k 3 parameter that characterizes the irreversible trapping of AMT, presumably due to enzymatic conversion. The advantages and limitations of using these parameters have been discussed previously [2, 10] .
The above parameters were measured in tumor regions of interest that were directly defined on the summed activity images and on co-registered axial gadoliniumenhanced MRI images (in patients where increased uptake on the PET scan was not obvious) in all planes where the tumor was visualized (except the very top and bottom planes, to avoid partial volume effects). Only tumor parts showing at least 50% of the average activity were included in the final regions of interest because necrotic tumor regions are not metabolically active [5] . Regions of interest were also obtained from contralateral homotopic cortex, and the same kinetic parameters were calculated for each cortical region.
Design and statistical analysis First, AMT PET images (summed images from 30 to 60 min after tracer injection) were inspected for focal increases. Subsequently, tumor/contralateral cortex ratios were calculated for both the measured K-complex and VD values. Tumors with abnormal increases were defined as having either K-complex or VD tumor/cortex ratios above 1.10 (more than 10% increase). This conservative threshold was selected based on our previous studies, showing that asymmetries of cortical AMT uptake in homotopic cortical regions were below 8% (average normal mean asymmetry ? 2 SD) in healthy subjects [15] . K-complex and VD values as well as tumor/cortex ratios were compared between gadolinium enhancing versus non-enhancing tumors using an unpaired t-test. Further, kinetic parameters and tumor/cortex ratios of different tumor types (astrocytomas, oligoastrocytomas, oligodendrogliomas, DNETs) were compared using analysis of variance (ANOVA). In this latter comparison not only K-complex and VD, but also calculated k 0 3 values and ratios were included. Since age of patients was different among tumor types (patients with DNET were much younger [mean: 11 years] than those with gliomas [mean: 39 years]), significant differences were re-tested by entering age as a co-variate. P \ 0.05 was considered to be significant.
Results
PET showed increased tumor concentration of AMT by both visual assessment and tumor/cortex K-complex and/or VD ratios in 21/23 cases (91%), including 11 of 13 tumors (85%) with no gadolinium enhancement ( Table 1 ; Fig. 1 ). Two tumors, one patient each with an oligodendroglioma and a DNET, showed no increase in AMT concentration. In the 21 AMT-positive cases, increased AMT tissue concentration was related to increased unidirectional uptake (K-complex; n = 16) and/or increased transport (VD; n = 15); both parameters were increased in 10 patients (9 gliomas, 1 DNET). Among AMT kinetic parameters, tumor VD values were higher in contrastenhancing tumors as compared to non-enhancing lesions (mean: 0.48 ± 0.15 vs. 0.35 ± 0.10, respectively; P = 0.02). The four tumor types did not differ in k 0 3 values, VD values or VD ratios (P [ 0.3), were marginally different in K-complex values (P = 0.05) and ratios (P = 0.067), but were highly significantly different in k 0 3 tumor/cortex ratios (P = 0.001). Therefore, post-hoc tests were performed for k 0 3 ratios, and these showed that astrocytomas had higher values than pure oligodendrogliomas (P = 0.014) and DNETs (P = 0.002) but they were not different from oligoastrocytomas (P = 0.18). Therefore, astrocytomas were combined with oligoastrocytomas, and this group showed higher k 0 3 ratios (1.66 ± 0.46) than oligodendrogliomas (0.96 ± 0.21; P = 0.001) and DNETs (0.75 ± 0.39; P \ 0.001) (Fig. 2) ; values of these latter two tumor types were not different from each other (P = 0.29). A cutoff k 0 3 tumor/cortex ratio value of 1.3 identified astrocytomas/oligoastrocytomas with 100% specificity and 75% sensitivity. Significant differences between astrocytomas/oligoastrocytomas versus oligodendrogliomas (P = 0.006) and DNETs (P = 0.028) remained after controlling for agedifferences among groups.
Discussion
This study demonstrates that increased AMT uptake on PET can detect low-grade gliomas and glioneuronal tumors, including most tumors with no gadolinum enhancement on MRI and decreased FDG uptake. The results of the kinetic analysis also show that AMT tissue concentration in low-grade brain tumors is related to increased tryptophan transport and/or high metabolic rate. However, high tumor/cortex ratios for AMT metabolic rates in tumors with an astrocytic component (astrocytomas and oligoastrocytomas) may differentiate these tumor types from oligodendrogliomas and DNETs prior to surgery. Although the number of cases was limited in this study, these results suggest that AMT k 0 3 tumor/cortex ratios above 1.3 may be indicative of astrocytomas or oligoastrocytomas in contrast to oligodendrogliomas or DNETs. On the other hand, astrocytomas and oligoastrocytomas may not be differentiated from each other by kinetic AMT parameters.
Low-grade gliomas and glioneuronal tumors are common intracranial tumors in children, comprising about 60% of supratentorial hemispheric lesions [16] . In adults, patients with low-grade gliomas are younger than patients with high-grade gliomas, with a median age below 40 [17] ; mean age of patients with gliomas was 39 years in our study. Despite the indolent course of these tumors, the overall long-term prognosis is poor, with a 10-year overall survival of 36% in a recent study [17] . In addition to size and extent of resection, histology of low-grade gliomas is a significant independent factor of survival: astrocytomas have worse prognosis than other tumor types, and high proportions of adult grade II infiltrative astrocytomas undergo malignant transformation [7, [17] [18] [19] . In contrast, oligodendrogliomas have a longer, although highly variable, latent period to malignant transformation, better response to chemotherapy and better long-term prognosis [7, [20] [21] [22] . DNETs are most common in children, grow very slowly, and often manifest with seizures. Therefore, differentiation of tumor types, in addition to tumor grades, has clinical significance in designing management. At times, critical decisions regarding the extent of surgical resection require accurately identifying tumoral versus nontumoral tissue and determining whether anaplastic features are present in the specimen. It is also important to recognize whether an oligodendroglial component is present because of the treatment-related survival advantage afforded to patients with oligodendrogliomas [7] . Many of these patients undergo pre-treatment biopsy, which is prone to sampling error. Use of non-invasive imaging techniques, including AMT PET, could assist predicting tumor grade and type for treatment planning.
Most imaging studies of brain tumors have focused on differentiating among tumor grades and assess prognosis, while imaging markers of specific histology types are scarce and poorly validated. Recent studies using diffusion weighted imaging reported significant differences in apparent diffusion coefficient and fractional anisotropy values as well as histograms in low-grade astrocytomas versus oligodendrogliomas [23] [24] [25] . Increased amino acid tumor tissue uptake, as compared to normal brain tissue, has been reported in low-grade gliomas by 11 C-methionine PET [26] , with relatively higher concentration values in oligodendrogliomas [27] [28] [29] . However, static PET images provide no kinetic information to differentiate tracer transport versus metabolism, and, therefore, have a limited value in evaluating tumor types when using a single measure. In addition, DNETs typically show low uptake on methionine PET [30, 31] , while AMT PET showed increased uptake in all but one case in our study; this finding supports the notion that mechanisms of uptake and metabolism of AMT differ from those of methionine (or other amino acids incorporated into proteins). Our previous studies have demonstrated that tumor grades correlate with both AMT VD (positively; higher grade, higher AMT transport) and k 0 3 values (negatively; lower AMT metabolic rate in high-grade tumors), while the present study shows that tumor/cortex ratios of k 0 3 may predict if the tumor has an astrocytic component, at least in case of low-grade neoplasms, which often can be suspected by lack of gadolinium enhancement on MRI. Gadolinium-enhancing tumors have higher AMT VD (transport rate) values, suggesting that at least some of the increased transport is related to impaired blood-brain-barrier. Furthermore, our previous studies have shown that high tumor proliferative index (based on ki-67 immunostaining) is associated with higher AMT VD values [5] , suggesting that increased tumor tryptophan transport is related to tumor proliferation. In addition, increased transport of AMT may also be related to upregulation of the large neutral amino acid transporter (a transport protein for both methionine and tryptophan) at the tumor vascular endothelium, which has been shown in gliomas in the context of increased methionine uptake [32] . Finally, increased AMT uptake, particularly AMT transport rate, may be related to increased tumor perfusion, although late uptake images (such as the one shown on Fig. 1 ), reflecting uptake 30-60 min after tracer injection, are unlikely to be driven by blood flow or perfusion changes. Further comparison of AMT kinetic variables to advanced MRI (such as DWI, perfusion or MR spectroscopic imaging) characteristics may further clarify mechanisms of increased AMT uptake and also provide more accurate differentiation of brain tumor types and grades. Nevertheless, high AMT transport and metabolism in low-grade gliomas and DNETs may render this imaging method a promising future approach to assist with the initial diagnosis, optimal management, and long-term follow-up and treatment of patients with low-grade gliomas. Further clinical validation in larger patient groups and comparisons with other imaging modalities are warranted to explore these possibilities.
The mechanisms of tryptophan metabolism in low-grade gliomas require further investigation. High AMT metabolic rates in astrocytomas and oligoastrocytomas suggest a role of mechanisms responsible for metabolic conversion of AMT (and tryptophan) in these tumors. Our previous studies demonstrated that trapping of AMT in brain tumors may be related to activation of the kynurenine pathway, mediated by increased expression of the initial, rate-limiting enzyme IDO in tumor cells and other tissue components [5] . Expression of IDO was indeed widespread in some low-grade gliomas but was mostly confined to tumor vessels (or was completely lacking) in high-grade gliomas in our recent study [5] . The findings of the present study suggest that in low-grade tumors, presence of astrocytic tumor cells may be a key to high tryptophan metabolic rates, possibly mediated by increased IDO expression in these cells or other cell types present in these tumors. Since low-grade astrocytomas carry a worse prognosis than other low-grade tumor types, high AMT metabolic rates in such tumors may represent a poor prognostic factor related to upregulation of IDO. This would be in keeping with previous reports of prognostic value of IDO expression in various extracranial tumor types [33] [34] [35] . Further studies, comparing AMT kinetics with tissue expression of IDO and kynurenine metabolites as well as long-term outcome of these patients are required to test this hypothesis. Emerging therapeutic approaches with IDO-inhibitors [36] , targeting tumor tryptophan metabolism, may be useful to treat brain tumors showing high AMT metabolic rates in future studies.
